Abstract In this work, we study a new quintessence model associated with non-Abelian gauge fields, minimally coupled to Einstein gravity. This gauge theory has been recently introduced and studied as an inflationary model, called gauge-flation. Here, however, we are interested in the late time cosmology of the model in the presence of matter and radiation to explain the present time accelerating Universe. During the radiation and matter eras, the gauge field tracks radiation and basically acts like a dark radiation sector. As we approach lower redshifts, the dark component takes the form of a dark energy source which eventually becomes the dominate part of the energy budget of the Universe. Due to the tracking feature of our model, solutions with different initial values are attracted to a common trajectory. The existence of early dark radiation is a robust prediction of our model which contributes to the effective number of relativistic species, N eff and has its own interesting observational features.
Introduction
The late time cosmic acceleration first confirmed by supernovae Ia (SnIa) surveys Riess et al. (1998) ; Perlmutter et al. (1999) ; Riess et al. (1999) . Moreover, other observations including large scale structure (LSS) Tegmark et al. (2004 Tegmark et al. ( , 2006 , cosmic microwave background (CMB) Spergel et al. (2003) ; Ade et al. (2015a,b) and baryon acoustic oscillations (BAO) Percival et al. (2007) ; Aubourg et al. (2014) measurements indicate that about 70% of the energy density of the Universe today consists of an unknown component called dark energy (DE) . The quest for the nature of DE is one of the most exciting challenges of the modern cosmology. Various observational projects are planned or envisioned to shed light on the physics underlying the observed cosmic acceleration and in the near future, we expect a wealth of new high quality data on that direction Huterer et al. (2015) ; Hojjati and Linder (2015) .
The cosmological constant with equation of state w ≡ PDE ρDE = −1 seems the most simple explanation for the late time accelerated expansion. However, if the cosmological constant is responsible for the current epoch of acceleration, its value (Λ ∼ 10 −120 M 4 pl ) is many orders of magnitude smaller than the theoretically expected value Weinberg (1989) ; Nobbenhuis (2006) so the value of cosmological constant should extremely tuned at early time. Anyway such problem arises in any DE models. It could be an unknown energy component in the universe, DE Sahni and Starobinsky (2000) ; Peebles and Ratra (2003) ; Carroll (2001) ; Tsujikawa (2011); Copeland et al. (2006) , or the modification of gravity as described by Einstein's general relativity, modified gravity (MG) De Felice and Tsujikawa (2010) ; Tsujikawa (2010) ; ; Amendola et al. (2013) . Those models lead to a similar late time expansion history as the cosmological constant with a much richer phenomenology Amendola et al. (2013) ; ; Song et al. (2015) .
Many of the dark energy and modified gravity models can be described by adding a scalar degree of freedom to Einstein gravity Gubitosi et al. (2013) . From the former viewpoint, one possibility is a canonical scalar field which varies slowly along its potential, known as the standard quintessence model Copeland et al. (2006) ; Tsujikawa (2013) ; Zlatev et al. (1999) with the possibility of link to the models of particle physics. On the other hand, dynamical gauge fields abound in models of particle physics, string theory, GUTs and etc. It is therefore natural to ask whether gauge fields can be involved in the new physics beyond vanilla ΛCDM, responsible for the present dark energy era. Inspired by that idea, one may explore the possibility of using non-Abelian gauge fields as a dark energy candidate.
Over the past decade, there have been interesting discussions in the literature of using non-Abelian gauge fields in inflationary models Sheikh-Jabbari (2013, 2011) ; Sheikh-Jabbari (2012); Bielefeld and Caldwell (2015) , models of dark energy Gal'tsov and Davydov (2011); Rinaldi (2015) ; ?); Bamba et al. (2008) ; ?); ? and dark matter Buen-Abad et al. (2015) ; Gross et al. (2015) ; Zhang et al. (2010) ; ?); ?); ?. For a detailed review of literature on the gauge fields in inflation, see . The interest in non-Abelian gauge fields is due to the fact that for a generic gauge invariant field theory, there is an isotropic and homogeneous field configuration for the SU(2) gauge field Gal'tsov and Davydov (2011); . In particular, choosing the temporal gauge A a 0 = 0, we can identify the SU(2) gauge index with the spatial rotation SO(3) index in the spatial elements of the field. The possibility of that identification then leads to an isotropic and homogeneous background solution of the form A a i = φ(t)δ a i . The next generic feature of gauge field models is that if the theory consists of only the YangMills term, then the gauge field will track the radiation and damps like a −4 by the expansion of the Universe. In order to prevent that, one should break the conformal symmetry by coupling the gauge field to the other fields, e.g. Higgs boson Rinaldi (2015) and axion field Adshead and Wyman (2012) ; Martinec et al. (2013) , or adding new gauge invariant terms to the gauge field theory .
Among the interesting predictions of models including gauge fields is the existence of a weakly interacting dark radiation at high redshifts. Presence of additional relativistic degrees of freedom leads to important modifications comparing to the ΛCDM, e.g. changing the Hubble parameter and observable signals in the CMB Baumann et al. (2015) ; Ackerman et al. (2009) . The observational measurements (N eff = 3.15 ± 0.23) have been used to constrain the effective value of extra relativist degrees of freedom, with the current bound ∆N eff = 0.1 ± 0.23 Ade et al. (2015b) . On the theoretical point of view, most of inflationary and dark matter models motivated by string theory and particle physics beyond SM predict a form of dark radiation Lesgourgues et al. (2015) ; Ackerman et al. (2009); Buen-Abad et al. (2015) . Future CMB polarization experiments will improve our constraints on these new physics by one or two order of magnitude Wu et al. (2014) . This significant improvement in sensitivity of the future observational measurement, further fueled the interest in dark radiation.
In the present paper, we study a new quintessence model associated with non-Abelian gauge fields, gaugessence. Our gauge field theory has been first presented and investigated as an inflationary model (gauge-flation) in which inflation is driven by non-Abelian gauge fields Sheikh-Jabbari (2013, 2011) . Here, we are interested in the late time cosmology of the model in the presence of matter and to explore if this model can explain the present time accelerating Universe. Our gauge field theory consists of the Yang-Mills which acts like a dark radiation term and κ(FF ) 2 with the equation of a state w = −1. Our model is parametrized by only two parameters, the gauge field coupling g and the dimensionfull prefactor κ. We are working on weakly coupled theories, thus, confinement in the dark sector is irrelevant. This paper is organized as follows. In section 2, we introduce the setup of the gaugessence model. We study the cosmological evolution of the model analytically in section 3. Section 4 studies the late time cosmology of the model and presents the result of numerical analysis of the DE trajectories. In section 5, we confront the model with the observational data and show the 1σ and 2σ confidence regions of the model parameters. Section 6 is devoted to the qualitative study of the cosmic perturbation in our model.Finally we conclude in section 7. Throughout this paper, we set the reduced Planck mass M 2 pl = (8πG) −1 , equal to one.
Gaugessence model
The gaugessence model consists of radiation, baryonic and cold dark matter (CDM), as well as a dark nonAbelian gauge field sector. The hidden gauge field sector is minimally coupled to Einstein gravity and interacts gravitationally with the visible matter. This model is specified by the following action
where R is the Ricci scalar,F aµν = 1 2 ǫ µνλσ F a λσ and S m is the matter action, including cold dark matter, baryons, photons and neutrinos. The gaugessence action consists of the Yang-Mills and the (FF ) 2 term and has two parameters κ and g. The gauge field strength F a µν is
where ǫ abc is the totally antisymmetric tensor, g is the gauge coupling and A a µ is a 4-dimensional SU(2) gauge field. Note that here µ, ν, ... and a, b, ... are respectively used for the indices of the space-time and the gauge algebra. The gauge field theory L G has been originally introduced and investigated as an inflationary model in Sheikh-Jabbari (2013, 2011) , gauge-flation model. Here, on the other hand, we are interested in its late time evolution and whether it gives rise to the late time cosmic acceleration as a quintessence model. Note that the specific term (FF ) 2 is chosen to generate the acceleration of Universe and we will see that the contribution of this term to the energy-momentum tensor helps us to have ρ + 3P < 0. Obviously κ in Eq.(1) has negative mass dimension so the theory is non-renormalizable but like most theories, one can consider this theory as an effective theory of quantum gauge field. (for more discussion see Maleknejad and Sheikh-Jabbari (2011); For later convenience, it is useful to decompose the energy and the pressure density of the gauge field theory into dark radiation (DR) and dark energy (DE) parts
where ρ DE and ρ DR are the contributions of (FF ) 2 and Yang-Mills terms respectively. In fact, DR is the contribution of the Yang-Mills, while the (FF ) 2 is effectively the dark energy (DE) sector. Thus, the hidden gauge field has a time dependent equation of state
Thus in the regime that ρ DE ≫ ρ DR , the gauge sector is effectively a dark energy element. Note that EoS is bounded in the range −1 < w(t) < 1 3 and it never crosses the phantom line.
Background evolution
We now turn to investigate the background trajectories of the gaugessence model. Considering the flat, isotropic and homogeneous FLRW metric
we have radiation and matter energy densities in terms of their energy density at the present time as ρ r (t) = ρ 0 r a 4 and ρ m (t) = ρ 0 m a 3 . To understand the dynamics of the gauge field sector, however, we need to solve the field equation for the isotropic and homogeneous space-time. The non-Abelian gauge field has the following isotropic and homogeneous configuration Sheikh-Jabbari (2013, 2011 )
where i, j = 1, 2, 3 are labels of spatial directions. For a more comprehensive detailed discussion on the above ansutz see . Using field configuration 6 and FLRW metric 5, one can find the isotropic and homogeneous strength tensor
and
Moreover, the reduced action of the dark gauge field theory is
while the field equation of the gauge field (D µ ( δL δFµν ) = 0) can be determined as
Recalling (3), the energy density of the gauge field can be read as
In the presence of matter and radiation in a spatially flat universe, the Friedmann equations are
Working out the field equations, now we turn to the further study of the gaugessence model during the matter and dark energy epochs.
Cosmological evolution, analytical treatment
Since we are not able to measure distance directly, but redshift, it is more convenient to rewrite the fields in terms of redshift z (a = 1 1+z ). Here, for further simplification, we define the following dimensionless parameters
where H 0 is the present value of the Hubble constant Ade et al. (2015b) H 0 = (67.8 ± 0.9)kms
which is H 0 ≃ 10 −60 M pl . Moreover, the energy density parameter of the gauge field, Ω G (z), is defined as
where Ω DR (z) and Ω DE (z) are respectively the contributions of the dark radiation and dark energy sectors
where " ′ " means a derivative with respect tot. Using (12) and (15), we can rewrite the Friedmann equations (11), as
as well as the field equation of φ (9) which is
where Ω 0
x are the present-day density parameters. Given the fact that z(t 0 ) = 0 and i Ω i (t 0 ) = 1 (for a flat universe 1 ), one can read φ ′ (t 0 ) from (16a) as
1 Due to the restrictive observational upper bound on the value of the spatial curvature density parameter Ω K < 0.005 Ade et al. (2015b) , here, we assume that the background geometry is spatially flat.
Moreover, to ensure the flatness of the Universe, we require that (15) and (16b), we obtain
in which the subscript "z" denotes a derivative with respect to z. While numerical analysis is necessary to find the exact predictions of the model, yet approximate analytical solutions are possible in some limits. In the following, we integrate the above equations analytically for the matter and dark energy epochs and determine the form of φ(z). Later, on the next section, we report the result of full numerical study of the model.
Matter dominated epoch
During the matter domination, the scale factor is given as a(t) ∝t 2 3 which implies that z ∝t (20), we obtain this relation for matter eraκ
Recalling the fact thatκ ≫ 1, the above relation implies that during the matter dominated epoch φ(z) is a slow varying function of z, i.e. φ z (z) ≪ 1. As the system evolves to lower redshifts during the matter dominated era, then φ z gradually increases by time. Note that the value of φ z is related to the value ofκ and it decreases by increasingκ. Since φ z ≪ 1, the density parameters are approximately
As φ z (z) increases by time evolution, one expect that the ratio of ΩDE ΩDR increases as we are approaching the late times. After solving the field equation of φ full numerically in the next section, we show that Ω DR (z) ≫ Ω DE (z) at high redshifts. Hence the gauge field sector effectively acts like a dark radiation at z 5 and evolves as Ω G (z) ≃ Ω DR (z) ∝ a −4 (see Fig. 2 ).
Dark energy dominated epoch
At the late time dark energy dominated era and in the small redshif limit z 0.1, the dark energy density parameter Ω DE (z) is a very slow varying function of z, (19) and (15), we obtain the following differential equation for φ during the dark energy era
up to the dominate order. Integrating the above equation, one can then find φ(z)
which implies that in the very late time, φ smoothly increases (decreases) by the redshift, depends on the sign of φ ′ (t 0 ). The late time value of redshift derivative of the gauge field is related toκ, while largerκs lead to smaller φ z (z). Moreover, the gauge field roaming ∆φ(z) is proportional to
, as also confirmed by our full numerical study (see Fig. 1 ).
Late time accelerated expansion, numerical analysis
Up to now, we show that the gaugessence model can describe the late-time accelerated expansion of the Universe. The background trajectory is completely specified by one initial value φ 0 (as well as the sign of φ ′ (t 0 )) and two parametersg andκ. Here, considering the observational best values Ω 0 m = 0.308 ± 0.012 and Ω 0 r ∼ 10 −4 Ade et al. (2015b) , we explore the parameter space of our model more thoroughly. In the following, we present the result of numerical study of the field equations (16) for different values of (φ 0 ,g,κ). In this section, we only consider systems with positive φ ′ (t 0 ) (corresponding to φ z (z = 0) < 0.). However, regardless of the sign of φ ′ (t 0 ), the gaugessence model can generate the late time accelerated expansion of the Universe. In the next section, we consider both cases and constrain them with the available observational data.
In the two panels shown in Fig. (1) , we present the time evolution of the gauge field φ vs. redshift. The left panel presents ψ(z) = Fig. 1 The gauge field φ(z) evolution with respect to redshift, z. Here, we normalized each φ(z) to its own present time value φ0, ψ(z) =
. In the upper panel, we set (φ0 = 0.5,g = 0.01), while each plot corresponds to a different value ofκ. In the bottom panel, on the other hand, we fixed the value of parameters as (κ = 500,g = 0.01) for systems with three different values of φ0.
confirm our analytical qualitative analysis in the previous section. As we see, φ(z) is almost constant at high redshifts and during the matter dominated epoch. However, as we approach smaller redshifts, the φ ′ (z) increases and thus φ(z) evaluates faster with the redshift. As we expected from our analytical analysis, the field roaming during its evolution is related to the value of κ and φ 0 and it is proportional to (κ 1 2 φ 2 0 ) −1 . We present the evolution of normalized density parameters, (note that in this part we normalize the density parameter by H 2 rather than H 2 0 see equation (14)), and EoS of the gauge field, w, in the right and left panels of figure (2) respectively. The top panels present systems with different values ofg, while the other parameters are fixed (κ = 500, φ 0 = 0.5). Although the late time behaviors are roughly the same, the value of g affects the time evolution at higher redshifts (z ≫ 1). In particular, as we see in the upper-left panel, decreasingg decreases Ω G (z) at higher z's which is in form of (dark) radiation Ω G ∝ a −4 . Note that in all trajectories withg < 0.01, the dark radiation density parameter is well below Ω r (z). The upper-right panel zoomed in on the evolution of EoS in near redshifts. As we see, the gauge field sector is effectively a dark radiation component with EoS w = 1 3 at higher redshifts. Then, after a short transition, it takes the form of a dark energy component with EoS w ≃ −1. As we see here, the dark energy phase of the gauge field increases by decreasing g.
In the middle panels, we fix φ 0 = 0.5 andg = 0.01 and investigate how the background trajectories are modified by changing the value ofκ. The left-middle panel shows that the early Ω G (z) (at z ≫ 1) evaluate like radiation, Ω(z) ∝ a −4 , and increases by increasing κ. In the middle-right panel we then zoom in on the evolution of EoS in near redshifts. Again, at near redshifts, the gauge field sector is of the form of a dark energy component with EoS w ≃ −1, while at higher redshifts it is effectively a dark radiation component with w = 1 3 . As we see in the right panel, the dark energy phase of the gauge field increases by decreasing κ.
Finally, in the bottom panels of Fig.(2) , we see systems with different values of φ 0 , while the other parameters are fixed κ = 500,g 2 = 0.01 . This plot indicates that increasing φ 0 increases the early time Ω G (z) while decreases the time of the dark energy phase of the gauge field sector. The bottom-left panel shows that systems with large field values (φ 0 1) make sizeable contribution to the total radiation during the matter era which is not consistent with observational results • Dynamics of the gauge-quentessence trajectories is almost insensitive to its initial field value in early times. In particular, the gauge field component acts like (dark) radiation with EoS of w = 1 3 at higher redshifts. After a sharp and fast phase transition around 1 < z < 5, it however, takes the form of a dark energy component at late times.
• There is a range of parameters that the gauge field sector has an energy density a few orders of magnitude smaller than radiation. Due to the cosmic expansion, its energy density then dilutedues like a −4 at high redshifts. Thus, the gauge field sector tracks the total radiation energy density during the matter era. As we approach lower redshifts, Ω G increases and after a quick period of enhancement, it eventually gets constant at the dark energy era. The tracking behavior of the model attracts solutions with different initial values to a common trajectory. That makes the current energy density almost independent of the initial conditions.
• The gauge field effective value φ(z) is almost frozen in the matter dominated era and φ z is negligible. However, as we approach smaller redshifts and around z 5, the value of φ ′ (z) increases and thus φ(z) evaluates faster with the redshift. The field roaming, ∆φ(z), during its evolution is related to the value of κ and φ 0 and it is proportional to (κ a 4 . Thus, the early Ω G (z) has a negligibleκ dependent.
Contact with observational constraints
We now turn to constrain the gaugessence parameters with observational data. In this section, we study the implications of the supernovae, baryon acoustic oscillation (BAO) and cosmic microwave background (CMB) data sets as well as the current observational upper bounds on the early time dark sectors in our model. Finally, we compare the Taylor expansion of w with observational constraints to further constrain the model. w(z) z κ=500 , g=0.01
Fig . 2 Here we explore the parameter space of the gaugessence model. The left-handed panels show the density parameters for radiation Ωr (dotted-red line), mater Ωm (solid-violet line) and ΩG with respect to redshift z. On the right-handed panels we plotted the equation of state of the gauge sector w(z) vs. z.
Observational data and best value of parameters
The observation of distant type-Ia supernovae (SnIa) is one of the most important probes of cosmic expansion. SnIa are one of our standard candles to measure luminosity distance in terms of redshift and shed great light on the late time evolution of the Universe. In this part, using SnIa, BAO and CMB data, we find the best value of free parameters of the model P = {Ω m , H 0 ,κ,g, φ 0 } as well as their confidence intervals. Here we used the SnIa distance module data from Union 2.1 sample Suzuki et al. (2012a) which includes 580 data. The χ 2 is given as
where X sn = µ th − µ ob and distance module is
subscripts "ob" and "th" stand for observation and theory respectively. We use covariance matrix C sn including systematic error from Suzuki et al. (2012b) . Note that in this case our results are marginalized over µ 0 . Baryon acoustic oscillations (BAO) are the frozen leftovers of the oscillations in the relic baryon-photon plasma on the matter power spectrum Bassett and Hlozek (2009) . Since the scale of BAO is very large (with the comoving scale l BAO ≃ 100h −1 Mpc), up to a very good approximation, it is governed by linear, wellunderstood physics. That made BAO the next-most robust cosmological probe after CMB fluctuations. In fact, BAO is a powerful standard measure which can provide both angular distance, D A (z), and Hubble parameter, H(z), using almost linear physics and offers constraints on the background evolution of dark energy.
Here, it is useful to introduce the following distance ratio 
and r s (a) is the comoving sound horizon
where c s (a) = 1
where c s is the baryon sound speed. We set the z d fitting formula from Eisenstein and Hu (1998) . BAO has been measured in some different redshits. In Tab. (1), we presented the current available data. Following Hinshaw et al. (2013) , we can incorporate the BAO data into χ 2 below
where Y is given as
Moreover we use the covariance matrix C −1 bao which was introduced in Hinshaw et al. (2013) .
For CMB probe we use the so called shift parameter defined by
where D A is the comoving angular diameter distance and z * is the red shift at last scattering epoch. For z * we use the fitting formula from Hu and Sugiyama (1996) and χ 2 cmb is given by
For R pl and σ we use the latest results from Planck team which is marginalized over the lensing amplitude (A L ) Ade et al. (2015b) . The shift parameter provide a simple geometry probe for CMB data but one may think about considering full CMB data to constrain the model which is beyond the scope of this paper.
Recalling that the overall likelihood function of three individual likelihoods is given by their products, L tot = L sn × L bao × L cmb , we obtain the total χ 2 as
We then perform a MCMC (Monte Carlo Markov Chains) analysis to find the minimum of χ 2 tot as well as the best values of parameters and their uncertainties. The results are summarized in Table ( 2) where model A (B) corresponds to systems with positive (negative) values of φ ′ (t 0 ). We present the 1σ and 2σ confidence regions and likelihood functions in Fig. (3) . It is noteworthy to mention that although both models are the same in fitting with the data, model B has a relatively bigger χ 2 min comparing to model A. For the sake of comparison we perform our analyzes for the concordance ΛCDM model and the results is presented in last line of Tab. (2) 5.2 Dark energy density at early times One of the main goals in understanding dark energy is to measure Ω DE (z) in different redshifts. Up to now, we mainly focus on the late time effects of DE. However, the early time dark energy (EDE), the amount of DE presented in the early times Ω e , can influence CMB anisotropies, structure formation and CMB lensing. In particular, EDE reduces the growth of structures after last scattering and generates less clusters comparing to ΛCDM. That then leads to a weaker lensing potential to influence the high l anisotropies. The current upper bound on the abundance of DE density in the last scattering surface is Ω e (z lss ) 0.01 (95% CL) Ade et al. (2015b) . It is noteworthy to mention that for ΛCDM, the early contribution of dark energy is Ω Λ (z lss ) ≈ 10 −9 . Any forms of early relativistic dark sectors, dark radiation (DR), is observable through its contribution to the radiation density in the universe. The energy contribution of the early relativistic degrees of freedom is parametrized by the effective number of light species N eff , as
where ρ r is the energy density of photons, while ρ light is the total relativistic energy density in neutrinos and DR at T ≪ 1 Mev respectively. Since neutrinos are slightly heated and not fully decoupled at the electron-positron annihilation, the cosmological prediction for effective number of nuetrinos is N ν = 3.046 Mangano et al. (2002) . Thus, in case that all the relativistic degrees of freedom are SM neutrinos, the numerical factor is N eff = 3.046. However, observational data constraints the effective relativistic degrees of freedom as N eff = 3.15 ± 0.23 Ade et al. (2015b) . Although that number is consistent with the standard value of 3.046, a significant density of extra radiation is still allowed which may indicates new physics, ∆N eff = 0.1 ± 0.23. On the other hand, from (34) and after using the SM neutrinos N ν , we have the following relation for the effective (dark) radiation degrees of freedom ∆N eff
In other words, the Yang-Mills sector of the dark gauge field contributes to the effective relativistic degrees of freedom. Using the current observational constraint (∆N eff = 0.1 ± 0.23), we obtain an upper bound on the ratio of DR density to radiation density at early times,
ΩDR Ωr
0.2. Coming back to our model, as we showed in the previous section, the gauge field sector acts like a dark energy term with w ≃ −1 at late times z 5. However, at the early times z 5, it behaves like a (dark) radiation component with EoS equal to w = 1 3 . Thus, in the gaugessence trajectories, the early DE density Ω e = 0, while the gauge field generates an early radiation density Ω G = Ω DR at high redshifts. As indicated by our numerical analysis, the gauge field φ is almost constant at redshifts higher than 10 (φ ′ (z) ≃ 0 where z ≫ 1), while the total field roaming ∆φ φ0 (from early times until present) is about 20%. That then leads to the following approximations for the early time energy density parameters
Using the observational upper bound on the value of ∆N eff and Ω 0 r , we then obtaiñ
In the following, we use the above upper bound to further constrain the parameter space.
Taylor expansion of w
One of the key points in understanding the nature of the late-time accelerated expansion is the value of w. This quantity is equal to −1 for the cosmological constant and any deviation from that implies new physics. As a quintessence model, gaugessence has a redshift dependent equation of state. As we showed in the previous section, w is 1 3 at high redshifts and then after a short phase transition, EoS gets close to −1. After z = 1, the EoS is very slow varing and w(z) is well described by its 1st order Taylor expansion around z = 0. In order to test the time-varying EoS, we expand w(z) in a Taylor series, as discussed in Ade et al. (2015b) Table 2 1σ limits on our free parameters {Ωm, H0,κ,g, φ0} and χ 2 min using the SnIa distance module data from Union 2.1 sample Suzuki et al. (2012a) , BAO and CMB data. Model A and B correspond to systems with positive and negative φ ′ (t0) respectively. Results for concordance ΛCDM is added for sake of comparison. 
where σ A,B = ±1 and in the last equality in the 2nd line, we used (18) and the fact that κφ 4 0 ≫ 1. Note that in our model, w 0 > −1 and hence δw 0 is always positive.
The 1σ constraints of Planck +BAO+SN-Ia+H 0 (68% CL) Ade et al. (2015b) gives the current constraints as −0.1 < δw 0 < 0.2 and −1 < w a < 0.2. Considering the best value of parameters in model A and B we found (δω 0 = 0.11 , w a = −0.08) and (δω 0 = 0.44 , w a = −5.64) respectively. These results also confirm that model A is more consistent with observational data than model B.
A quick treatment of the perturbations
Up to now, we have studied the background evolution of the gaugessence model, including w(z) and Ω DE (z). Although, our model is close to ΛCDM at the background level, perturbations may still evolve differently and provides a fingerprint for the model. In particular, the (dark) gauge field sector contributes to the cosmic perturbations and may affect the galaxy clustering and weak lensing. In this sector, we investigate the qualitative behavior of the linear cosmic perturbation of our model which capture the main features of the models. The precise full numeric study of the fluctuations is beyond the scope of the present paper and we postpone it for future work.
As the large-scale structure and weak lensing surveys are measuring the matter-density contrast and the gravitational potentials, we therefore focus on scalar perturbations here. Using the Newtonian gauge, the scalar sector of the perturbed FRW metric can be parametrized as
Thus, the space-time metric is fully specified by three quantities {H(t), Ψ(t, x), Φ(t, x)}: two Bardeen potentials, Ψ and Φ, as well as the Hubble parameter, given as (neglecting radiation)
exp 3
where w is the EoS of dark sector. Note that Φ is the Newtonian potential and in the absence of anisotropic stress in general relativity, e.g. ΛCDM, we have Ψ = Φ. However, in most of modified gravity models and some dark energy models including vector and gauge fields, we may have a non zero anisotropic stress.
6.1 Cosmic structure formation and the dark sector Cosmic structure formation is another way to explore the dark energy models besides the expansion history. Linear perturbations governed by the well-known physics and free of many astrophysical complexities. We can write the small fluctuations to the homogeneous energy density (ρ m (t)) and the Hubble flow velocity Hx i as below
where overbars denotes background quantities,δ m is the fractional density contrast of the dark matter and u is its peculiar velocity. The linear order continuity and Euler equations govern the evolution of δ m and u m which are respectively as beloẇ
Moreover, the Poisson equation gives Ψ in terms of the total energy density as
where δ G is the density contrast of the dark gauge field Amendola et al. (2013) . From the combination of (43) and (44), we then obtain a dynamical field equation for δ mδ
where Q − 1 is the deviation of dark matter evolution from ΛCDM prediction. In our model, around z 5 the gauge field sector effectively acts like a dark energy sector with w G ≃ −1. Moreover, the ratioρ Ḡ ρm is negligible for z 1 which implies that Q(z) − 1 is almost zero at that regime and the Hubble parameter (41) is equal to the ΛCDM. Thus, during the matter era, the structure formation is almost exactly the same as ΛCDM, δ m ∝ a in our model. On the other hand, around z = 0.5, dark energy dominates over matter and may change the rate of structure formation. Similar to the standard quintessence models, our model has a sound speed very close to one, and does not cluster significantly inside the horizon. Therefore, our dark energy is very smooth comparing with the cold dark matter, so δ G is negligible.
Although our dark energy does not cluster, however, it can still affect the dark matter clustering by changing the Hubble parameter comparing with the ΛCDM ??. Investigation of growth of structures in our model needs a careful study which we postpone to the future work. The other way that our dark energy model can affect the clustering is by generating a non-zero anisotropic stress which we discuss in the following.
Anisotropic stress
The gravitational lensing is sensitive to the combination of Φ + Ψ, while the anisotropic clustering of galaxies in redshift space measures the peculiar velocity which is related to Ψ. Thus, the combination of them makes us able to determine both Ψ and Φ. From the theory on the other hand, the off-diagonal spatial part of the linear perturbed Einstein equation gives
where Π s is the scalar anisotropic stress, given as δT
As a result, presence of anisotropic stress leads to inequality of the Bardeen potentials. Non-vanishing anisotropic stress is usually considered as a smoking gun for modified gravity, however, in principle, it can be generated by higher spin dark energy models, e.g. dark vector and gauge fields 2 . In our model, the dark sector during early matter era (z 10) acts like dark radiation, decays like a −4 and is negligible. At z 5, on the other hand, it acts like a smooth dark energy component without anisotropic stress. As a result, the dark gauge field does not generate anisotropic stress during the matter and dark energy eras, we have Ψ = Φ.
Discussion and Conclusions
In this paper, we investigated the cosmological evolution of a novel quintessence scenario, gaugessence. Our dark energy candidate is a self-interacting (dark) 2 During the radiation era, the relativistic particles, i.e. photons, neutrinos and dark radiation contributes to Π s , generating a nonzero scalar anisotropic stress. The background cosmic neutrino fluctuations and any possible free-streaming particles generate significant anisotropic stress which induces a characteristic phase shift in the acoustic peaks of CMB Baumann et al. (2015) . This phase shift recently has been detected in Follin et al. (2015) and future CMB observations will improve our understanding about them.
gauge field which interacts gravitationally with the visible Universe and minimally coupled to Einstein gravity. The gauge field theory of the model consists of the standard Yang-Mills with an EoS equal to 1 3 , and κ(FF ) 2 term which effectively is a dark energy sector. The (dark) gauge sector has two free parameters, the gauge field coupling g and the dimensionful κ which has the dimension of mass −4 . Thus, in the regime that the κ-term dominates, the dark gauge sector acts like a quintessence model, justifying the name gaugessence. Our gauge field theory, originally, has been introduced and studied as an inflationary model to describe the early time exponential expansion after the big bang in Sheikh-Jabbari (2013, 2011) , as gauge-flation. Here, we examined the late time cosmology of the model in the presence of matter and radiation to explain the late time accelerated expansion of the Universe. As discussed in detail in Maleknejad and Sheikh-Jabbari (2011) and Sheikh-Jabbari (2012), the (F ∧ F ) 2 term can be generated as an effective field theory by integrating out the massive axion field (m χ ∼ H 0 ) in a theory with a Chern-Simons interaction between the gauge field and the axion. The value of the axion mass can be found by , our best fit values gives a cut-off value equals to Λ 1meV = 10 30 H 0 . As a result, our effective theory works in H 0.1 Λ which corresponds to redshifts z 10 16 and T 100 Gev. Therefore, our effective theory is reliable around and after EW phase transition until the present time.
We performed a likelihood analysis to compare the available SnIa, BAO and CMB data with the gaugessence model and find the best values of our parameters. During the radiation and early matter eras, the gauge field sector acts like (dark) radiation and dilutes like a −4 . We then have a quick transition period in which w sharply decreases from 1 3 to −1, while its energy density parameter increases rapidly. Eventually, at low-redshifts, the gauge field sector takes the form of a dark energy and its energy density becomes the dominant part of the energy budget of the Universe, Ω G ≃ 0.7. Due to the tracking feature of our model, solutions with different initial values are attracted to a common trajectory. That makes the current energy density almost independent of the initial conditions. The effective field value φ(z) is almost frozen during the radiation and matter eras, while as we approach smaller redshifts (z 5), it starts to evaluate faster with time. The total field roaming of the gauge field, ∆φ(z), is about or less than 10% for the acceptable systems.
The presence of early dark radiation (EDR) is a robust prediction of our model. Our gauge quintessence model act like a radiation component at early time and may have a contribution to the total radiation energy density. During the recombination era, the energy density of EDR manifests itself observationally as a contribution to the effective number of neutrino species, N eff . The current constraint on the effective relativistic degrees of freedom from the Planck satellite is N eff = 3.15 ± 0.23 Ade et al. (2015a) , while the SM perdition is N SM eff = 3.046. That then leads to ∆N eff = 0.1 ± 0.23 which may indicates new relativistic degrees of freedom at the time of recombination. Future CMB polarization experiments will improve our constraints on ∆N eff by one or two order of magnitude Wu et al. (2014) . Using the current observational constraint on ∆N eff to our model, we obtain g 2 φ 4 0
